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Abstract 

Dirac neutrinos arising from gauged discrete symmetry a la Krauss-Wilczek 
are implemented in the minimal custodial Randall-Sundrum model. In the 
case of a normal hierarchy, all lepton masses and mixing pattern can be nat- 
urally reproduced at the TeV scale set by the electroweak constraints, while 
simultanously satisfy bounds from lepton flavour violation. A nonzero neutrino 
mixing angle, ^13, is generic in the scenario, as well as the existence of sub- TeV 
right-handed Kaluza-Klein neutrinos, which may be searched for at the LHC. 



1 Introduction 

Despite that the nature of neutrino remains unknown, most efforts has been 
directed at Majorana neutrinos. One common reason cited against the Dirac 
scenario is that it is hard to make realistic without excessive fine-tuning. 



Recently, the Randall-Sundrum (RS) extra-dimensional scenario has be- 
come a novel and powerful framework to understand flavour. The crucial fea- 
ture is that the mass hierarchy of the Standard Model (SM) charged fermions 
can arise naturally from their "geography" in the warped AdSs bulk © . The 
Yukawa couplings need not be fine-tuned, and can be fully "anarchic" (i.e. all 
naturally of order one and patternless). It was seen that the observed quark 
mass and mixing pattern can be accurately reproduced in this approach© ^ and 
it is reasonable to expect the same can for Dirac neutrinos with appropriate 
bulk localisations, which is indeed found to be the case 13. 

2 The framework 

The setting used is that of the Minimal Custodial RS (MCRS) model 1^. The 
bulk gauge group is SU{2)l x SU{2)r x U{1)b-l, which incorporates the 
custodial symmetry protecting the p parameter. It is broken down to the SM 
at the boundaries by the IR- localised SM Higgs, Hi, and by UV boundary 
conditions (BCs) and scalar vaccum expectation value (VEV). 

Concentrating on the lepton sector, the leptons are embedded as 

where i is a generation index, L, E denote S't7(2)i^/j doublets respectively, 
and vr the right-handed (RH) neutrino singlet under SU{2)l,r- The parity 
assignment + (— ) denotes Neumann (Dirichlet) BCs applied to the spinors on 
the boundary branes. Only fields with the parity contain zero-modes 

that are part of the low energy spectrum of the 4D effective theory after the 
Kaluza-Klein (KK) reduction. 

SM lepton masses arise as usual from Yukawa interactions with the SM 
Higgs. To generate Dirac masses for the neutrinos, a second Higgs doublet, 
H2, transforming only under the SU{2)l is introduced on the IR brane. After 
electroweak symmetry breaking, the lepton mass matrices in the 4D effective 
theory take the form 

= ^A-- /E(7r,c^-)/ll(7r,c^^-) , (2) 

where kr^T^ STtt is the warp factor solving the hierarchy problem, the Higgs 
VEVs, vi ^ V2 = Vw = 174/\/2 GeV, arc taken equal for simplicity. As'" 



are the complex dimensionless 5D Yukawa matrice for the charged Icptons and 
neutrmos, ^ are the zero-raode wave functions, and c^jf are the locahsation 
parameters (see® for more details). 

3 Dirac neutrinos from a gauged discrete Zjv 

To have Dirac neutrinos, one needs to forbid Majorana mass terms, which can 
be easily accomplished via a U{1) symmetry. Now if this U{1) is global, it 
can be violated by quantum gravity effects. But if it is gauged, it has to be 
broken to avoid any new massless gauge bosons appearing. However, a gauged 
discrete Zjq symmetry can survive from a gauged U{1) broken at some very 
high scale®, which is enough for Dirac neutrinos, as is well-known. 

To implement this in the MCRS model, one extends the bulk gauge group 
by a U{l)x, and add a scalar UV-localised, cf), charged under it: 

Dt,(t) = {^^, - igbxX^) (jj , (3) 

where is the U{l)x gauge field, and g^x the coupling constant. The U{l)x 
is spontanously broken when (p acquires a VEV, w^. Parametrising the scalar 
as = {vrj, + p)e^^^'"'i' , one sees that the Goldstone field, r], can be removed by 
a gauge transformation and a concomitant fermion field redefinition: 

X^^X^-—^, f^fe^p(z^Qx). (4) 
95X \ J 

The Zjv symmetry then emerges if Qx, the fermion charge under the U{\)x, 
is rational but nonintegral. 



4 Viability 

To see if the Dirac neutrinos thus implemented can be realistic and natural, a 
parameter space scan is performed searching for configurations that give rise to 
the observed lepton mass (at a running scale of 1 TeV) and the bi-large mixing 
pattern while satisfying the current lepton flavour bounds at the same time. 

For the search, the KK scale is set to 3 TeV to satisfy electroweak pre- 
cision test constraints. The 5D Yukawas are taken to be G [0.5,2.0] for 
perturbativity. It is found that viable configurations compatible with all cur- 
rent data and bounds arise only for the case of neutrino the normal hierarchy. 



Displayed in Table [T] are the range of lepton localisation parameters for the 
viable configurations. In Table [21 the resulting range of neutrino mass and 
mixing parameters are listed. All viable configurations have charged lepton 
masses {nie, nif^, nir} — {0.496, 105, 1780} MeV. Note that 6is is generically 
nonzero in all the viable configurations found. 



Lepton species 


Parameter range 


{cEi, CEs} 

{Cl/fji , Ci^R3 } 


{(0.583, 0.588), (0.533, 0.548), (0.500, 0.502)} 
{-0.728, -0.721, (-0.601, -0.588), (-0.520, -0.523)} 
{(-1.33, -1.22), (-1.36, -1.22), (-1.38, -1.22)} 



Table 1: Range of lepton localisation parameters for the viable configurations. 



Lepton parameters 


Paramter range 


{m^i , 771^2 mj,3 } (meV) 
{di2, 023, (^13} (°) 
6cp (rad.) 


{(0.096, 1.4), (8.5, 9.1), (47, 53)} 
{(32, 39), (36, 53), (1.9, 12)} 
[0, 2tt) 



Table 2: Range of neutrino mass and mixing parameters from the viable con- 
figurations. 



5 Phenomenology 

5.1 Light KK neutrinos 

KK excitations are characteristic in the extra-dimensional scenarios. But with 
the KK scale at 3 TeV, they are already hard to produce and thus detect at the 
LHC. However, depending on their localisations, the RH (— +) KK neutrinos, 
vm, can be much lighter in comparison. For the viable range of c^;, one has 
for I'm the first KK masses (determined from their BCs^) 

mp, : 175 - 222 MeV, mj., : 16 - 24 GeV , 771^3 : 168 - 180 GeV . (5) 

5.2 Low energy constraints 

The RH (— +) KK neutrinos couple to the SM W and Z primarily through 
gauge mode mixings arising from SM Higgs interactions on the IR brane. These 
couplings can be parametrised as 

WDiRCiR : -^nicE,) , Zv^RUiR-. ZLi{cE,)L + ZRi{cE,)R , (6) 

V2 cos Ow L -I 



where ql = e/sa\9w, Ow the Weinberg angle, and L, R the usual chiral 
projectors. The quantities r^, z^i and zjn involve gauge couplings and products 
of wavefunction overlap integrals. For simplicity gL — gn is assumed. 

With > TO^, the charged kaon decay -> e^Di sets the most 
stringent limit with the bound |rip < 10^^ for a 160 to 220 MeV neutrino 
Another limit comes from the LEP invisible Z decay measurement, which gives 
= ri„„/r^*^ = 2.9840 ± 0.0082 Since only i>i is light enough to escape 
the detector without leaving tracks, this sets a bound on r{Z — > and 
thus z£]^ + z'jjj < 0.096 (95% CL). For the viable range of ce, these constraints 
turns out to be very weak, as ri ^ O(10~^), while z^i ^ zm ^ 0(10^^). 

5.3 Decay modes and LHC production 

The decay modes of the RH ( — h) KK neutrinos depends crucially on their 
masses. For the heaviest O(IOO) GeV I's, a decay predominantly into rW^ is 
expected with a width F^;, ^ 1.5 x 10^® GcV for the viable range of ce- 

For the (much) lighter z/i 2, three body decays are dominant. For Vi, 
the dominant decay channel is the charged current (CC) decay vi — >■ ee'^Ve □ 
with a width ~ 0.73 x 10~^^|rip GeV, corresponding to a lifetime of 
^ 2.3 X 10^ s for the viable range of c^;. For 1^2, the main decays channels are 
V2 — >■ ijlvi, jjiud, fics. The total width is estimated to be Fj ^ 0.027|r2p GcV, 
and so a lifetime Tj^^ ^ 1-2 x 10~^^ s for the viable range of c^;. 

At the LHC, due to the large background i/i is not expected to be 
seen given that ^ 1 GeV. For i>2, it can be detected via the process 
ud — > 1^2/^^ ji^ 11^ e{T)D. The final state will involve apparent lepton flavor 
violation plus missing energy with the fJ.'^ fi~ pair not in resonance, character- 
istic of heavy neutrino signatures. Similarly, 2% can be detected via the process 
uJ — >• r+i/s — > T^T^W, where a W jet plus r jets are expected with the t jets 
not in resonance. For the viable range of c^;, the total production cross section 
at y/s = 14 TeV is estimated to be ^ 0.3 fb and ^ 10^"^ fb for 1/2,3 respectively. 

^Thc i>i eiX^v^ contribution is phase space suppressed, the ctt mode is 
negligible, while the virtual Z mediated amplitudes are unimportant. 



6 Conclusion 



It is shown that Dirac neutrinos can be naturally implemented in the MORS 

setting with a SU{2)l x SU{2)r x U{1)b-l x U{1)x bulk gauge symmetry 
group a la Krauss-Wilczck. For normal neutrino hierarchy only, Icpton masses 
and mixing patterns can be successfully reproduced with just the RS anarchic 
5D flavour structure, at the TeV scale, and at the same time still satisfy the 
lepton flavour bounds. 

In the Dirac neutrino scenario presented, is gcncrially neither zero nor 
small, which can be tested at the upcoming long-baseline experiments. There; 
are also light KK neutrinos in the spectrum, of which the 0(200) MeV j>i is too 
light to be picked out at the LHC but has a long life time of O(IO^) s, the heavy 
0(200) GeV i's has to small a production rate, leaving only the 0(20) GeV £'2 
possible to be searched for at the LHC. 
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